The water-gas shift (WGS) reaction (where carbon monoxide plus water yields dihydrogen and carbon dioxide) is an essential process for hydrogen generation and carbon monoxide removal in various energy-related chemical operations. This equilibrium-limited reaction is favored at a low working temperature. Potential application in fuel cells also requires a WGS catalyst to be highly active, stable, and energy-efficient and to match the working temperature of on-site hydrogen generation and consumption units. We synthesized layered gold (Au) clusters on a molybdenum carbide (a-MoC) substrate to create an interfacial catalyst system for the ultralow-temperature WGS reaction. Water was activated over a-MoC at 303 kelvin, whereas carbon monoxide adsorbed on adjacent Au sites was apt to react with surface hydroxyl groups formed from water splitting, leading to a high WGS activity at low temperatures.
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The water-gas shift (WGS) reaction (where carbon monoxide plus water yields dihydrogen and carbon dioxide) is an essential process for hydrogen generation and carbon monoxide removal in various energy-related chemical operations. This equilibrium-limited reaction is favored at a low working temperature. Potential application in fuel cells also requires a WGS catalyst to be highly active, stable, and energy-efficient and to match the working temperature of on-site hydrogen generation and consumption units. We synthesized layered gold (Au) clusters on a molybdenum carbide (a-MoC) substrate to create an interfacial catalyst system for the ultralow-temperature WGS reaction. Water was activated over a-MoC at 303 kelvin, whereas carbon monoxide adsorbed on adjacent Au sites was apt to react with surface hydroxyl groups formed from water splitting, leading to a high WGS activity at low temperatures.
E fficient low-temperature catalysts for the water-gas shift (WGS) reaction, especially those operating under 423 K (1-7), are of interest for applications in fuel cells, especially those using H 2 generated by hydrocarbon reforming processes that are contaminated with CO, which deactivates the catalysts. For heterogeneous catalysis, in addition to Cu-based catalysts, which display low activity at low temperature (8, 9) , Pt-group noble metals and Au supported on reducible metal oxides, such as ceria (1) or FeO x (10), which contain oxygen vacancies, are commonly used. Flytzani-Stephanopoulos and co-workers demonstrated that noble metal catalysts dispersed on alkali-promoted inert supports can also be active for the WGS reaction, making a reducible oxide support no longer a requirement (4, 6) . The alkali ion-associated surface OH groups are reactive toward CO in the presence of atomically dispersed platinum or gold, giving the catalyst superior metal atom efficiency in the WGS reaction. Metal carbide (e.g., hexagonal closest packing b-Mo 2 C)-supported noble metal catalysts provide similar functionalities and are more active for the reaction at low temperature (7, 11, 12) . However, none of these systems displays an activity higher than 0.1 moles of CO per mole of metal per second (mol CO mol metal -1 s -1 ) between 393 and 423 K (Table 1) .
To achieve high WGS activity at low temperature, we searched for catalysts that could dissociate water efficiently and reform the generated oxygen-containing species (reaction of surface oxygen or hydroxyl with CO*) at low temperature. We report that Au confined over face-centered cubic-structured a-MoC is at least one order of magnitude more active than previous findings for the WGS reaction below 423 K. The a-MoC substrate facilitates epitaxially grown atomic Au layers with altered electronic structure for favorable bonding with CO. The synergy of atomic-layered Au clusters with adjacent Mo sites in a-MoC can effectively activate water at low temperature.
Catalysts made from Au supported by purephase a-MoC [2 weight % (wt %) Au/a-MoC] were synthesized by a precipitation method followed by sequential temperature-programmed ammonization and carburization. For comparative purposes, a-MoC, 2 wt % Au/b-Mo 2 C (13, 14), 2 wt % Au/SiO 2 (15) , and 2 wt % Au/CeO 2 (1) catalysts were also prepared. The high dispersion of Au in the 2 wt % Au/a-MoC [hereafter, (2%)Au/ a-MoC] catalyst was evidenced by the lack of x-ray diffraction (XRD) peaks associated with Au crystallites. Operando XRD studies (1% CO/3% H 2 O in He; 10 ml min -1 ) revealed that the bulk structure of the (2%)Au/a-MoC catalyst remained intact up to 523 K, beyond which the a-MoC was gradually oxidized by water (Fig. 1A) . Ex situ XRD experiments [10.5% CO/21% H 2 O/20% N 2 in Ar; gas hourly space velocity (GHSV) = 180,000 hour -1 ) confirmed that at higher water partial pressure, the bulk structure of catalysts is stable up to 473 K. Neither the oxidation of a-MoC nor the aggregation of Au was observed at temperatures up to 473 K (fig. S1 ).
The WGS activity was evaluated under productfree (10.5% CO/21% H 2 O/20% N 2 in Ar) and full reformate (11% CO/26% H 2 O/26% H 2 /7% CO 2 in N 2 ) gas feeds. In the product-free gas (GHSV = 180,000 hour
), a-MoC showed very low CO conversion (3.4%) at 393 K (Fig. 1B) , and none of the reference catalysts achieved >5% CO conversion below 423 K. However, for the (2%)Au/ a-MoC catalyst, CO conversion was >95% at 393 K and reached 98% at only 423 K. For reaction temperatures 523 K and above, CO conversion dropped, which may result from the thermodynamic limitation, as well as the gradual transformation of a-MoC to molybdenum oxide, as confirmed by the operando XRD results (Fig. 1A  and fig. S2 ). The Au-normalized activity of the (2%)Au/a-MoC catalyst in product-free gas was 0.012, 0. fig. S3 ; CO conversion below 15%). Because of the limitation of the water saturation vapor pressure, at low temperature, the composition of reactant gas was adjusted. We determined that 2 wt % is the optimal Au loading for the Au/ a-MoC catalyst ( fig. S4 ).
In full reformate gas feed under similar space velocity, the activity dropped slightly (62% activity at 393 K) because of product (H 2 and CO 2 ) inhibition (Fig. 1D) . However, the activity of the (2%)Au/a-MoC catalyst remained as high as 0.62 and 2.02 mol CO ). Thus, the addition of Au greatly enhanced the low-temperature reactivity of a good WGS catalyst (Fig. 1E) . Its exceptional activity and high equilibrium CO conversion at low temperature can be exploited simultaneously ( fig. S5 ), and the catalyst shows an excellent total turnover number, reaching up to 385,400 mol CO mol Au -1 in a single-run reaction ( fig. S6 and table S1). We designed a two-step temperature-programmed surface reaction (TPSR) experiment to explore the reaction route. After preactivation of the catalysts, 2% H 2 O in Ar (100 ml min -1 , 10 min) was introduced into the reactor at 303 K. Production of H 2 was immediately observed on both (2%)Au/a-MoC and a-MoC catalysts, indicating the presence of a low-temperature water dissociation center on a-MoC that led to the formation of H 2 and surface OH species (Fig. 2, A and B, and figs. S7 and S8). In contrast, no H 2 production was observed on (2%)Au/SiO 2 or (2%)Au/b-Mo 2 C catalysts ( Fig. 2C and fig. S9 ). After purging with Ar (100 ml min -1 ), the system was switched to 2% CO in Ar (100 ml min
) at 303 K, kept at that temperature for 10 min, and then increased to 523 K at 5 K min -1 . For the (2%)Au/SiO 2 catalyst, only water desorption was observed at 403 K. In sharp contrast, CO 2 and H 2 were detected simultaneously on the (2%)Au/a-MoC catalyst at around 308 K, and their intensities reached the maxima at 367 K. Thus, the reaction of CO with surface OH could occur at very low temperature (308 K) to form CO 2 and additional H 2 . The reforming reaction could also happen on the a-MoC catalyst, but initiating at a much higher temperature (347 K).
The coexistence of a low-temperature water dissociation center on a-MoC and the low-temperature reforming center on the (2%)Au/a-MoC catalyst is the key to the exceptional activity of this catalyst. The Au L 3 -edge extended x-ray absorption fine structure (EXAFS) fitting (table S2 and fig.  S10 ) shows a low Au-Au first shell coordination number (CN) of 6.9, indicating that the average size of Au species is~1.5 nm for a hemispherical morphology (16) . The Au-Mo CN of 1.6 is striking, considering that Au nanoparticles (NPs) tend to undergo sintering because of the low Tammann temperature (668 K) of bulk Au. (17, 18) Given that this sample was activated at 973 K for more than 2 hours, a strong metal-support interaction must exist between Au and a-MoC. X-ray photoelectron spectroscopy (XPS) (fig. S11) revealed that the Au 4f binding energy shifted 0.6 eV to higher energy with respect to bulk gold (19) , indicating that the electronic structure of the Au species is perturbed by the substrate. The reaction order of CO of -0.16 ( Fig. 1D ) also indicated that CO was already relatively strongly adsorbed on the electronically modified Au surface.
Aberration-corrected scanning transmission electron microscopy (STEM) analysis on the (2%)Au/ a-MoC catalyst showed that the catalyst supports were porous assemblies of small a-MoC NPs (3 to 20 nm in diameter; fig. S12 ). High-resolution STEM Z-contrast imaging (Fig. 2 , D and E) revealed two types of Au species on the surface of a-MoC: (i) small layered Au clusters epitaxially grown on the a-MoC support and (ii) atomically dispersed Au. The epitaxial Au clusters had an average diameter of 1 to 2 nm and thickness of 2 to 4 atomic layers (<1 nm), as measured from edge-on clusters occasionally found in profile view ( Fig. 2E  and fig. S13 ). Detailed crystal structure analysis (fig. S12, C and D) also showed that these epitaxial Au clusters strongly aligned with the (111) planes of the a-MoC support, with some exposed (200) facets. There were no larger Au NPs present in this sample (fig. S14). No obvious structural difference was observed between the fresh and used catalyst samples (Fig. 2F) , and both types of Au species were retained in the tested sample, which is also consistent with the relatively good stability of the catalyst noted in the catalytic reaction.
We used NaCN solution to selectively leach the layered Au clusters from the (2%)Au/a-MoC catalyst (1, 20) . The Au loading decreased to around 0.9 wt %, leaving predominantly the atomically dispersed Au atoms, as confirmed by both STEM and XAFS results ( Fig. 2G; fig. S12 , E to G; and table S2). The Au-normalized WGS activities of (0.9%)Au/a-MoC (leached by NaCN) at 393 and 423 K decreased to around 1/11th and 1/6th of their original values, respectively, but were still higher than those of NaCN-leached a-MoC catalyst (with E app similar to that of fresh a-MoC; Fig. 1E ). This result indicated that atomically dispersed Au species were indeed catalytically active (1), but the catalytic efficacy of the layered Au clusters on the a-MoC support for lowtemperature WGS was even higher than that of the atomically dispersed Au. Furthermore, the E app increased to 41 kJ mol -1 after NaCN leaching (Fig. 1E) , suggesting some degree of blocking of the low-temperature reaction route after the removal of layered Au clusters. Thus, we attribute the low-temperature WGS activity mainly to the epitaxial Au clusters decorating the a-MoC support. We carried out density functional theory (DFT) calculations to investigate the WGS reaction path on the Au/a-MoC catalyst. Three catalyst models ( fig. S15) The surface OH species formed on the Mo site were apt to react with CO adsorbed on the adjacent Au surface, which has the right geometry (triangular) to enable a low reaction barrier. Indeed, at low CO coverage (Fig. 3A) , the effective barrier for the reforming of CO on Au and OH on a-MoC(111) was 0.72 eV, including a migration barrier of 0.22 eV and reaction barrier of 0.50 eV. At high CO coverage (Fig. 3C) , the reforming barrier was even lower-0.52 eV-demonstrating that the reaction between adsorbed CO and surface OH species on the peripheral interface of Au and a-MoC (CO + OH = CO 2 + ½H 2 ) was apt to proceed. Although the reforming process was facile, it still had a higher barrier than the first step of the WGS reaction (water dissociation on partially oxidized a-MoC). Thus, the ratedetermining step of the WGS reaction on Au 15 / a-MoC is the reforming process, which is in good agreement with our TPSR observations (Fig. 2) . The interfacial nature and optimum bonding of this a-MoC-confined Au nanostructure confers the catalyst with outstanding WGS reactivity at low temperature.
